The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. ABSTRACT mRNA levels do not accurately predict protein levels in eukaryotic cells. To investigate contributions of 59 untranslated regions (59 UTRs) to mRNA-specific differences in translation, we determined the 59 UTR boundaries of 96 yeast genes for which in vivo translational efficiency varied by 80-fold. A total of 25% of genes showed substantial 59 UTR heterogeneity. We compared the capacity of these genes' alternative 59 UTR isoforms for cap-dependent and cap-independent translation using quantitative in vitro and in vivo translation assays. Six out of nine genes showed mRNA isoform-specific translation activity differences of greater than threefold in at least one condition. For three genes, in vivo translation activities of alternative 59 UTR isoforms differed by more than 100-fold. These results show that changing genes' 59 UTR boundaries can produce large changes in protein output without changing the overall amount of mRNA. Because transcription start site (TSS) heterogeneity is common, we suggest that TSS choice is greatly under-appreciated as a quantitatively significant mechanism for regulating protein production.
INTRODUCTION
The proteins of a cell are the central determinants of cellular form and function. Regulation of the proteome is therefore the primary output of signaling pathways that connect cell physiology to internal and external environmental cues. Although most genome-wide studies of eukaryotic gene expression use mRNA levels as a proxy for protein levels, recent studies of yeast and human cells show that mRNA levels correlate only weakly with protein levels for the majority of genes (Ghaemmaghami et al. 2003; Beyer et al. 2004; Kolkman et al. 2006; Brockmann et al. 2007; Ingolia et al. 2009 ). Furthermore, based on quantitative genome-scale measurements of mRNA and protein abundance and turnover, it has been suggested that gene-specific differences in translation are at least as important as transcriptional control in determining steady-state protein levels (Schwanhäusser et al. 2011) . The molecular mechanisms underlying these widespread differences in translational efficiency are poorly understood.
Translation initiation is thought to be the rate-limiting step in protein synthesis for most genes. For eukaryotic mRNAs, translation initiation requires the concerted action of many initiation factors (eIFs) to recruit and position a ribosome at the AUG initiation codon (for review, see Jackson et al. 2010) . Most eukaryotic mRNAs require a 59-m 7 GpppN cap structure for efficient translation under normal conditions. Recognition of the cap by a complex of eIF4E, eIF4G, and the DEAD box helicase eIF4A with a cofactor eIF4B stimulates binding of a 43S pre-initiation complex (PIC) comprised of a 40S small ribosomal subunit, a ternary complex of eIF2-GTP-Met-tRNA i Met , and initiation factors eIF1, eIF1A, eIF5, and eIF3. mRNAs with short unstructured 59 UTRs do not require the cap-binding complex to associate with PICs in vitro (Algire et al. 2002) . Conversely, some mRNAs with long-structured 59 UTRs require the action of additional DEXD/H-box ''helicase'' proteins, Ded1 or Dbp1 in yeast, and DXH29 in vertebrates, for efficient translation (Berthelot et al. 2004; Pisareva et al. 2008) . 59 UTRs also play active roles in ribosome recruitment; the 59 UTRs of many viral mRNAs contain high-affinity binding sites for one or more host translation factors, permitting efficient cap-independent initiation (Filbin and Kieft 2009) . Some cellular 59 UTRs are also capable of cap-independent initiation by mechanisms that are less well understood (Gilbert 2010) . 59 UTR features thus influence both the efficiency and the factor requirements for ribosome recruitment to specific mRNAs.
1
Most studies of 59 UTR-mediated translation effects have investigated a single 59 UTR isoform for a given gene, yet alternative 59 UTR production is ubiquitous in eukaryotes. Based on sequencing of full-length cDNAs, many moderately to highly expressed yeast genes have multiple distinct 59 UTR variants that are generated by alternative TSS selection (Miura et al. 2006) . Human transcription start sites are quite heterogeneous. At least 6000 human genes express mRNAs with alternative first (59 UTR) exons, and alternative TSS use is regulated in a tissue-specific manner (Carninci et al. 2006; Kimura et al. 2006; Wang et al. 2008; Yamashita et al. 2011) . Recent work suggests that alternative TSS selection contributes more to mammalian mRNA isoform diversity than alternative splicing in some tissues (Pal et al. 2011) . Mammalian genes with alternative 59 UTRs tend to be lowly expressed and are more likely to encode proteins with regulatory functions than genes with invariant 59 UTRs (Resch et al. 2009 ). Because the majority of alternative TSS choices do not change the mRNA's coding potential (Kimura et al. 2006; Miura et al. 2006; Yamashita et al. 2011) , any biological effects must arise from isoformspecific mRNA regulation, e.g., due to differences in translation, stability, and/or localization. Here we describe experiments that examine the quantitative effects of specific yeast 59 UTR sequences on translation. The results demonstrate large effects on both cap-dependent and cap-independent translation activity conferred by alternative 59 UTR mRNA isoforms.
RESULTS AND DISCUSSION
Ribosome footprint profiling in rapidly dividing yeast revealed 100-fold differences between messages in translation activity (average number of ribosomes per mRNA) that have not yet been explained (Ingolia et al. 2009 ). To investigate whether differences between genes' 59 UTRs could account for this level of variation, we selected 96 genes for in vitro 59 UTR translational reporter studies. The chosen genes sampled the range of translation efficiencies observed in vivo (Fig. 1A) . Endogenous 59 UTR boundaries were determined by RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE), and four independent clones were sequenced for each gene. Many genes' 59 UTR isolates differed by only a few nucleotides (nt) at their 59 ends, while 24 genes had 59 UTRs differing by >50 nt ( Fig.  1B ; Supplemental Table S1 ). This trend was also observed in a large-scale yeast cDNA sequencing study (Miura et al. 2006) . For genes characterized in both studies, similar 59 UTRs were observed, despite differences in strain background and culture conditions (described in Materials and Methods) (Fig. 1C) . The relative ratios of selected alternative 59 UTR mRNAs present in cells were quantified by qRT-PCR using primers specific for the longest mapped 59 UTR isoform compared with ORF primers. Amplicon abundance was related to absolute mRNA isoform abundance by comparison to recombinant in vitro-synthesized RNA standards (Supplemental Fig. S1A ). The relative abundance of the longest isoforms detected by 59RACE ranged from 10% (FAR7) to z100% (PRE2) (Supplemental Fig. S1B ).
Alternative 59 UTRs confer large differences in cap-dependent translation activity 59 UTR heterogeneity due to alternative TSS selection is common in eukaryotes. In most cases, the impact on protein production is not known. To explore the translational regulatory potential of alternative TSS choice, nine genes with the most heterogeneous 59 UTRs were selected for further characterization ( Fig. 2A) . None of these genes contained 59 UTR introns, which are rare in Saccharomyces cerevisiae. For each gene, reporter constructs were generated containing the longest and shortest 59 UTR variants fused to the Firefly luciferase open reading frame (ORF) under control of the T7 promoter. All translational fusions included 36 nt of endogenous ORF sequence at the N terminus to preserve the AUG context (Fig. 2B) . A single guanosine was introduced at the 59 end of yeast 59 UTRs beginning with A/C/U to facilitate transcription initiation by T7 polymerase. Poly(A) 62 tails were encoded in the DNA templates. Capped mRNA was synthesized in vitro by run-off transcription with T7 followed by capping with Vaccinia capping enzyme. Purified m 7 G-capped mRNAs were diluted to roughly equal concentrations and quantified by densitometry of agarose gels before use in translation assays (Fig. 2C) ; precise RNA concentrations as determined by gel analysis were used to normalize translation activity per mRNA. Translation was performed in wild-type yeast extracts, which are strongly stimulated by m 7 G caps and poly(A) tails (Gilbert et al. 2007) .
The 18 59 UTRs tested varied >1000-fold in cap-dependent translation activity (Fig. 2D) . Even the most poorly translated, RFX1 ''long'' (RFX1.L), was 50-fold above background and could be measured reliably. The low-translation activity of RFX1.L was not due to poor capping efficiency; long and short isoforms of RFX1 were equally well capped posttranscriptionally, and similar results were obtained in translation assays of mRNAs prepared by cotranscriptional capping (data not shown). In some cases, long and short 59 UTR isoforms of a single gene showed substantial differences in activity. The shorter variants of RFX1 and FAR7 were translated >100-fold better than the long, and seven out of nine genes tested showed significant differences between long and short 59 UTR isoforms. Although the largest differences between isoforms (RFX1, FAR7, and KNS1 ''long'' versus ''short'') favored the shorter 59 UTR isoforms, length was only weakly anticorrelated with translation activity overall (Fig. 2E, left) . Notably, FAR7.L, SLT2.L, and PRE2.L 59 UTRs are approximately the same length, but spanned the full range of observed translation activities. Likewise, predicted RNA secondary structure, which tends to increase with 59 UTR length, was only weakly predictive of poor translation activity (Fig. 2E, right) . Furthermore, for three out of nine genes, the longer 59 UTR isoform was more active. Together, these results show that intrinsic differences between 59 UTRs are sufficient to cause large differences in translation activity that are not readily predicted by simple rules.
Next we tested whether alternative 59 UTRs are sufficient to cause large differences in translation activity in vivo. For six genes that showed significant differences in cap-dependent translation in vitro, in vivo reporter constructs were generated containing the longest and shortest 59 UTR variants fused to the Firefly luciferase ORF under control of a modified inducible GAL1 promoter that generates transcripts with a defined 59 end ( Fig. 3A; data not shown). Translation activity for each 59 UTR construct was determined by measuring luciferase activity in whole-cell lysates normalized to total protein concentration and reporter mRNA levels as determined by qRT-PCR. The in vivo assays mimicked the effects of alternative 59 UTRs observed in vitro. In every case, the ''long'' or ''short'' 59 UTR variant that was better translated in vitro was also better translated in vivo. Moreover, the quantitative differences between variants were comparable in vivo to those observed in vitro for most constructs (cf. Fig. 2D and Fig. 3B ). Two 59 UTRs that showed relatively poor translation in vitro were even less active in vivo (KNS1.L and PHD1.S). A potential explanation for this difference is that these mRNAs may fail to compete for limiting translation factors in vivo in the presence of abundant cellular mRNA. In contrast, the FAR7.L mRNA was somewhat better translated in vivo than in vitro; more robust translation in vivo might indicate the presence or 7 GpppG) mRNAs. Error bars represent standard deviations. P-values determined by Student's t-test (twotailed) are indicated above the bars; (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. (E) Comparison of mean translation activity to (left) 59 UTR length and (right) predicted stability as determined by free-energy minimization using mfold (Zuker 2003) .
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Alternative 59 UTRs differ in their capacity for cap-independent translation
Cap-independent translation is thought to play crucial roles in cellular responses to a variety of stresses including nutrient deprivation, oxidative stress, apoptosis, and viral infection by facilitating continued synthesis of a subset of cellular proteins under conditions of reduced cap-binding activity (for review, see Ló pez-Lastra et al. 2005) (but, see also Gilbert 2010). To determine whether alternative 59 UTR variants could contribute differentially to cap-independent protein synthesis, uncapped mRNAs were synthesized and translated in vitro. Translation from all 59 UTRs was greatly reduced in the absence of an m 7 G cap (cf. Figs. 4B and 2D ). Short unstructured 59 UTRs are thought to have reduced cap dependence; however, we observed little or no relationship between length/structure and activity (Fig. 4C,D) . The ''long'' variant of RFX1 showed almost no translation activity in either condition (discussed below). Intriguingly, PHD1 and PRE2, whose ''long'' and ''short'' 59 UTR variants had fairly similar capacities for cap-dependent translation in vitro (Fig. 2D) , showed substantial isoform specificity in cap-independent translation (Fig. 4B) . For both PHD1 and PRE2 the ''long'' 59 UTR isoform was preferentially translated without a cap (7.8 6 1.6-and 4.7 6 1.1-fold better than the ''short'' isoform, respectively). PRE2 encodes an essential subunit of the 20S proteasome important for maintaining protein homeostasis in response to a variety of stresses. PHD1 encodes a transcriptional activator required for starvation-induced invasive growth (Jin et al. 2008 ). Thus, both proteins are likely to be required under conditions of reduced cap-dependent initiation. Notably, both PRE2 and PHD1 continue to be translated in glucose-starved yeast, under conditions of globally reduced translation initiation (Arribere et al. 2011) ; the mRNA isoform(s) responsible for this translation were not determined.
Surprisingly small differences in 59 UTR sequences were sufficient to cause substantial effects on translation. FAR7, KNS1, PHD1, and PRE2 ''long'' and ''short'' 59 UTR variants differ by fewer than 200 nt but showed greater than threefold translation activity differences under cap-dependent and/ or cap-independent conditions (Figs. 2D, 4B ). Previous estimates of the extent of mammalian gene regulation by P-values were calculated by Student's t-test (two-tailed); (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. (C) Comparison of mean translation activity to 59 UTR length and (D) predicted stability as determined by free-energy minimization using mfold (Zuker 2003). alternative promoters (leading to alternative 59 UTRs) did not consider TSSs ''alternative'' if they were separated by fewer than 500 nt (Kimura et al. 2006; Gupta et al. 2011 ); small differences in TSS are frequently regarded as transcriptional noise. Our results demonstrate that seemingly minor changes in transcription-shifting the site of initiation by 50-200 bases-can have quantitatively significant effects on protein production. It remains to be determined whether such small differences in 59 UTR sequences can cause equally large translational effects in multicellular eukaryotes, but given the high level of conservation of translation factors it seems likely. If so, the functional diversity of mammalian mRNA isoforms is much greater than previously estimated.
''On/Off'' switches generated by alternative transcription start site selection
What is the function of very poorly translated mRNAs such as the longer variant of RFX1? Notably, this poorly translated species makes up the majority of RFX1 mRNA under standard growth conditions (z60%, Supplemental Fig.  S1B ). One possibility is that conditions exist where this mRNA isoform is relatively well translated. The long variant of RFX1 contains multiple upstream open reading frames (uORFs), which typically reduce translation of downstream ORFs under normal growth conditions (Calvo et al. 2009 ). Under stress conditions leading to increased eIF2a phosphorylation, global translation initiation is reduced, while certain uORFcontaining transcripts are preferentially translated (Sonenberg and Hinnebusch 2009) . Consistent with this possible mode of regulation, RFX1 is implicated in cellular stress responses. However, mutation of all uAUGs did not improve translation of RFX1.L in vitro (data not shown).
Alternatively, the long 59 UTR isoform of RFX1 may not function to produce protein at all. Transcribing through a promoter region can inhibit transcription initiation at downstream sites through a process known as transcription interference (for review, see Hainer and Martens 2011) . The best-characterized example of this type of regulation in yeast involves production of a noncoding RNA (ncRNA), but it is the act of transcription rather than some activity of the ncRNA that leads to repression of the downstream gene (Martens et al. 2004 ). Our results show that ''coding'' RNAs are not always translated.
Thus, the potential for gene regulation by transcription interference is not limited to promoters that produce ncRNAs; transcription of a nontranslating mRNA isoform could function similarly to produce an ''on/off'' regulatory switch by blocking synthesis of a translatable mRNA (Fig.  5 ). This type of regulation was recently demonstrated for tco1 + in Schizosaccharomyces pombe (Sehgal et al. 2008 ). Regulated TSS switching to produce shorter 59 UTR isoforms was observed in response to mating factor treatment, nitrogen starvation, and osmotic stress in S. cerevisiae. Twelve of the identified TSS-regulated genes were poorly translated under conditions where their long 59 UTR isoforms predominated, and they showed coordinated changes in transcript structure and translation efficiency following stress (Law et al. 2005) .
The importance of alternative 39 UTR production for post-transcriptional regulation of gene expression is beginning to be appreciated through quantitative genome-wide studies (Mayr and Bartel 2009; Singh et al. 2009; Jan et al. 2011; Wu et al. 2011) . Alternative 59 UTR production is equally widespread, but the effects of alternative TSS selection on protein production have not yet been investigated systematically. Our results suggest that for the majority of genes with alternative 59 UTR isoforms, protein synthesis could be regulated under certain conditions by altering transcription start site choice.
MATERIALS AND METHODS
Yeast strains and plasmids
S. cerevisiae of genotype MATa his3 trp1 ura3 L-A-o Gal+ were used to prepare translation extracts as described (Gilbert et al. 2007 ). To construct in vitro translation reporters, 59 UTR sequences were amplified from genomic DNA from S. cerevisiae strain Sigma 1278b with Phusion High-Fidelity DNA polymerase (NEB). Forward primers introduced a HindIII site followed by the T7 promoter (underlined): 59-agcaAAGCTTTAATACGACTCACTATA GGG-gene-specific sequence. Reverse primers introduced a unique NcoI site downstream from the first 36 bases of ORF sequence: 59-agcaCCATGG-gene specific sequence. HindIII-NcoI fragments were cloned in frame with Firefly luciferase. To construct yeast low-copy (LEU2, CEN ARS) plasmids expressing 59 UTR translation reporters in vivo, the same 59 UTR sequences were cloned as BglII-NcoI fragments downstream from the GAL1 promoter and in frame with Firefly luciferase, followed by the CYC1 39 UTR and terminator region. For full primer sequences see Supplemental Table S2 . Plasmids are listed in Supplemental Table S3 .
RACE
59 ends of mRNAs were determined by RNA ligase-mediated rapid amplification of cDNA ends (FirstChoice RLM-RACE, Ambion). cDNAs were synthesized from yeast (Sigma 1278b) RNA from pooled total and polysomal fractions from cells grown in rich media (1% Yeast extract, 2% Peptone, 0.01% Adenine hemisulfate, 2% Dextrose) at 30°C to OD600 1.0 and starved for glucose for 10, 20, or 30 min. The 59 ends mapped from these conditions were compared with published transcript boundaries determined from pooled cDNAs synthesized from yeast strain S288c grown in minimal medium and strain SK1 grown in acetate medium (Miura et al. 2006) .
RNA synthesis and capping
RNA was synthesized with T7 by run-off transcription of linearized plasmid templates and purified on Zymo-Clean columns (Zymo Research). Capped RNA was prepared with recombinant Vaccinia capping enzyme (Shuman 1990 ). Concentrations of purified RNAs were determined by densitometry of ethidium bromide-stained bands compared with an RNA standard of known concentration on denaturing agarose gels using Quantity One software (BioRad).
Translation
Translation in vitro was initiated by adding m 7 G-capped or uncapped RNA template (2.5 nM and 10 nM final concentration, respectively) to micrococcal nuclease-treated yeast extract in Translation Buffer and incubated at 25°C for 40 min. Final concentrations in reactions: 22 mM Hepes-KOH (pH 7.4), 120 mM potassium acetate, 1.5 mM magnesium acetate, 0.75 mM ATP, 0.1 mM GTP, 0.04 mM each amino acid, 1.7 mM DTT, 25 mM creatine phosphate, 5 mg of creatine kinase, 10 U RNasin Plus (Promega), 2 mM phenylmethanesulfonyl fluoride, and 13 protease inhibitor cocktail (Roche). Reactions were stopped by transfer to ice and immediate addition of ice cold Passive Lysis Buffer (Promega). Luciferase activity was measured using the Luciferase Bright-Glo Assay System (Promega) on a Berthold Centro XS Luminometer.
To determine translation efficiency in vivo, wild-type cells transformed with pGAL_59UTR_FLuc plasmids were grown to log phase in medium containing 2% galactose. Whole-cell lysates were prepared by vortexing with glass beads in 13 PBS with protease inhibitors (2 mM phenylmethanesulfonyl fluoride, and 13 protease inhibitor cocktail (Roche). Luciferase activity was measured using the Luciferase Bright-Glo Assay System (Promega) on a Berthold Centro XS Luminometer. Fluc mRNA levels were determined by qRT-PCR on total cellular RNA isolated from whole-cell lysates by hot phenol extraction and normalized to ACT1 mRNA levels.
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